1, 3-Butadiene (BD) is a high-efficiency carcinogen in rodents and was classified as a human carcinogen in 2008 by the International Agency for Research on Cancer. However, its ability to induce genetic damage and the influence of metabolic polymorphisms to such damage in humans are both controversial claims. This study was conducted to investigate the relationships between exposure to BD, the polymorphisms of metabolic genes and the chromosomal damage in 45 pairs of occupationally exposed workers in a BD product workshop and matched control workers in an administrative office and circulatory water workshop in China. Exposure to BD was evaluated by personal sampling and stationary sampling. Different chromosomal damage endpoints in peripheral blood lymphocytes were determined using the cytokinesis-blocked micronucleus (CBMN) cytome assay; polymorphisms of metabolic genes [cytochrome P450 2E1 (CYP2E1), glutathione S-transferases (GST) and microsomal epoxide hydrolase (mEH)] in BD-exposed group were detected by polymerase chain reaction (PCR) or PCRrestriction fragment length polymorphism analysis. The results show that the average BD measurements of the exposed group were significantly higher than those for the control group (a personal sampling and stationary sampling, respectively). The BD-exposed workers exhibited increased frequencies of micronuclei (MNi) (8.00 6 3.78& versus 5.62 6 2.41&) and nucleoplasmic bridges (NPBs) (2.58 6 2.79& versus 1.13 6 1.34&) and a decreased nuclear division index (2.20 6 0.14 versus 2.35 6 0.27) when compared subjects in the control group. Meanwhile, BD-exposed workers carrying CYP2E1 c1c2/c2c2 or mEH intermediate (I)/high (H) group had a significantly higher NPB frequency than those carrying CYP2E1 c1c1 [frequency ratio (FR) 5 2.60, 95% confidence interval (CI) 1.72-3.93; P < 0.0001) or the mEH low(S) group (FR 5 2.06, 95% CI% 1.17-3.62; P < 0.05), respectively. Our study suggests that MNi and NPB frequency in CBMN cytome assay could be potential genotoxic biomarkers for BD exposure in humans. The polymorphism of CYP2E1 and mEH could also affect the chromosomal instability of BD workers.
1, 3-Butadiene (BD) is a high-efficiency carcinogen in rodents and was classified as a human carcinogen in 2008 by the International Agency for Research on Cancer. However, its ability to induce genetic damage and the influence of metabolic polymorphisms to such damage in humans are both controversial claims. This study was conducted to investigate the relationships between exposure to BD, the polymorphisms of metabolic genes and the chromosomal damage in 45 pairs of occupationally exposed workers in a BD product workshop and matched control workers in an administrative office and circulatory water workshop in China. Exposure to BD was evaluated by personal sampling and stationary sampling. Different chromosomal damage endpoints in peripheral blood lymphocytes were determined using the cytokinesis-blocked micronucleus (CBMN) cytome assay; polymorphisms of metabolic genes [cytochrome P450 2E1 (CYP2E1), glutathione S-transferases (GST) and microsomal epoxide hydrolase (mEH)] in BD-exposed group were detected by polymerase chain reaction (PCR) or PCRrestriction fragment length polymorphism analysis. The results show that the average BD measurements of the exposed group were significantly higher than those for the control group (a personal sampling and stationary sampling, respectively). The BD-exposed workers exhibited increased frequencies of micronuclei (MNi) (8.00 6 3.78& versus 5.62 6 2.41&) and nucleoplasmic bridges (NPBs) (2.58 6 2.79& versus 1.13 6 1.34&) and a decreased nuclear division index (2.20 6 0.14 versus 2.35 6 0.27) when compared subjects in the control group. Meanwhile, BD-exposed workers carrying CYP2E1 c1c2/c2c2 or mEH intermediate (I)/high (H) group had a significantly higher NPB frequency than those carrying CYP2E1 c1c1 [frequency ratio (FR) 5 2.60, 95% confidence interval (CI) 1.72-3.93; P < 0.0001) or the mEH low(S) group (FR 5 2.06, 95% CI% 1.17-3.62; P < 0.05), respectively. Our study suggests that MNi and NPB frequency in CBMN cytome assay could be potential genotoxic biomarkers for BD exposure in humans. The polymorphism of CYP2E1 and mEH could also affect the chromosomal instability of BD workers. Introduction 1, 3-Butadiene (BD) is a major industrial chemical derived from petroleum processing and widely used in the production of rubber and thermoplastic resins (1) . It is also a common air pollutant found in human daily life in auto emissions and cigarette smoke. In 2008, the International Agency for Research on Cancer (2) raised the carcinogen classification of BD from Group 2A (probably carcinogenic to humans) to Group 1(a known human carcinogen) based on the carcinogenic evidence of rodent animals and humans and especially a series of epidemiological studies done on North American BD workers (3) (4) (5) , which found BD exposure to be associated positively with leukaemia, lymphatic and haematopoietic cancer. Furthermore, BD showed carcinogenic potency at several sites in mice and rats after inhalation exposure, with a species and gender difference in susceptibility.
Exposure to BD as well as its metabolites [1,2-epoxy-3-butene (EB) and 1,2,3,4-diepoxybutane (DEB)] can induce mutations of both gene and chromosome levels in mice and rats (6) . However, the evidence of genotoxicity in humans is still unclear. Of the studies that have investigated the multiple genotoxic effects in BD-exposed workers, few have found sensitive and consistent biomarkers. Mutation frequency (MF) at the hypoxanthine-guanine phosphoribosyl transferase (HPRT) locus has been well studied in BD-exposed workers, but the findings remain conflicting. Only the Texas studies in the USA have reported significantly elevated frequencies of HPRT gene mutations as determined by autoradiography in the peripheral blood lymphocytes (PBLs) of BD-exposed workers (7) (8) (9) (10) (11) (12) (13) (14) (15) ; other studies have produced negative results (16) (17) (18) (19) .
In our previous study, we also adopted HPRT by cloning assays to determine DNA damage in BD-exposed workers (20) . Our results showed that these BD-exposed workers had a higher MF (18.2 � 9.4 � 10 6 ) than the control subjects (12.7 � 7.3 � 10 6 ), but the difference was not significant. Several studies of chromosome aberrations in BD-exposed workers have been undertaken in a couple of countries over a wide range of time with still no consistently positive reports. Only a recent study in the Ningbo area of China (21) indicated positive induction of micronuclei (MNi) in the PBLs of heavily exposed BD workers.
It is important to search for reliable genotoxic biomarkers of BD in humans to elucidate its mutagenesis and assess the associated cancer risk. In recent years, cytokinesis-block micronucleus cytome (CBMN Cyt) assay has evolved into a comprehensive method for measuring chromosome breakage, DNA misrepair, chromosome loss, non-disjunction, necrosis, apoptosis and cytostasis (22) . The CBMN assay, conducted with lymphocytes in the present study, could be a powerful candidate to use to search for potential biomarkers of BD in occupationally exposed workers. Other than MNi, which have been widely used as an indicator of biomonitoring human exposure to genotoxic agents, nucleoplasmic bridges (NPBs) and nuclear buds (NBUDs) in lymphocytes have become increasingly important for their sensitivity in revealing chromosomal damage in humans. In the present study, the nuclear division index (NDI) was also included to measure the cytostatic effects.
The genotoxic effects of BD are largely dependent on its epoxide metabolites. The metabolic process of BD in animals and humans, which involves three key metabolic enzymes [cytochrome P450s (CYP), glutathione S-transferase (GST) and microsomal epoxide hydrolase (mEH)], has been well studied in recent years. It is believed that quantitative variations in BD metabolism in different species are the major reasons leading to species differences in the carcinogenicity and mutagenicity of this particular chemical. Several molecular epidemiology studies have indicated that polymorphisms of BD metabolic enzyme genes can also impact the mutagenic effects of BD in human (7) (8) (9) . For example, Abdel-Rahman et al. (8) reported that BD-exposed workers with at least one 113his allele (polymorphism of mEH His113Tyr genotype) were more susceptible to genotoxic damage.
As mentioned, our group conducted a study using HPRT assay to evaluate DNA damage level of BD-exposed workers at a petrochemical products company in the Nanjing area of China in 2002. The results suggested that BD should increase the frequency of large deletions of the HPRT gene in human lymphocytes, while there was not a statistically increased MF of the HPRT gene in BD-exposed workers upon comparison with the control subjects (20) . In 2009, we carried out a new study in the same petrochemical plant to see whether the biomarkers in CBMN cytome assays (MNi, NPBs, NBUDs and NDI) could be sensitive enough to evaluate the impact of occupational exposure to BD on genetic instability in workers. Meanwhile, the polymorphisms of CYPs, mEH and GSTs were studied to determine whether they could influence the chromosomal damage among BD-exposed workers in the present study.
Materials and methods

Subject selection and specimen collection
We conducted a 1:1 matched pair study in 2009, based on the population at the same petrochemical product company as our previous study in the Nanjing area, China (20) . Forty-five workers in a BD production workshop were engaged as the exposed group. For each exposed worker, an appropriate control matched by gender, smoking habits, and close age (AE3 years) was selected from 157 volunteers working in the administrative office and circulating water workshop of the same plant and with no evidence of exposure to known genotoxic agents.
Questionnaires and blood samples for all the subjects were accompanied by regular physical examinations once every 2 years at the Yangzi Employee Hospital. Questionnaires were administrated to all subjects to determine their socio-demographics, work experience and individual life styles (e.g. smoking, diet and alcohol consumption). Any persons with medical treatment, radiography or vaccination within the previous 3 months of the start of the study were not involved in the study. The study proposal was reviewed and approved by the Ethical Committee of the Third Military Medical University. An informed consent was obtained from each subject as well before the beginning of this study.
Blood samples were collected with heparin-coated tubes for lymphocyte cultures and with EDTA-coated tubes for DNA extraction. Codes were assigned beforehand to each set of tubes in order to process the samples blindly. Heparin-treated blood samples were maintained in a cool environment (4°C) until processed for cell culture in 3 h after sampling. EDTA-treated samples were stored in liquid nitrogen until used for DNA extraction.
Exposure assessment
The production process for BD and the activities of workers were described in the previous study (20) . In brief, the individuals in the BD-exposed group worked 8 h/day and 4 day/week in the procedure control centre with a fixed circus inspection routine (once per hour). The estimated duration of exposure was no .1 h/day or 300 h/year for each worker. Two air sampling ways were conducted for exposure assessment in the present study, namely, personal sampling and stationary sampling. For personal sampling, nine BD workers and four administrative officers (as control) carried an active air sampler (Gilian-LFS3; Sensidyne, Inc., USA), respectively, at a flow rate of 50 ml/min for 8 h during the three sampling days. In the BD production workshop, 11 locations were chosen for stationary sampling, including the areas for procedure control, product storage and the pipelines. As a comparison, two locations in the workplace of control group-one in the administrative office and one in the circulating water workshop of the same plant-were chosen for air sampling. The pumping rate for stationary sampling was 200 ml/min for 15 min by an active air sampler (GilAir-5; Sensidyne, Inc.), and at each location, there were three samples collected for three consecutive days. After sampling, each charcoal tube sample was stored under a cool condition (À20°C) and sent to an institution (Toxin analysis Department, Chongqing Occupational Disease Preventive Hospital, China) for quantitative analysis. Briefly, each charcoal tube collected was desorbed in dichloromethane alkyl and analysed with a gas chromatograph (6890 N; Agilent Technologies Co., USA). These procedures were conducted according to the standard method (GBZ 160. .
The CBMN assay The CBMN assay was performed according to the standard methods described by Fenech (22) . Briefly, 0.5 ml heparin-anticoagulated whole blood was added to 4.5 ml of culture medium (RMPI 1640) and cultured at 37°C, with 5% CO2 for 44 h and then cytochalasin-B (Sigma-Aldrich, St Louis, MO, USA) was added to each cell culture, reaching a final concentration of 6 lg/ml to prevent cytokinesis. Twenty-eight hours after adding the cytochalasin-B, cells were harvested by cytocentrifugation and fixed in methanol: acetic acid (3:1) after hypotonic treatment with 0.075 M KCl. Then, a cell suspension was directly dropped onto clean slides. Slides were air-dried and stained with Giemsa (Sigma-Aldrich). One thousand bi-nucleated lymphocytes per subject were scored blindly by a single investigator for the presence of MNi, NPBs and NBUDs. The MNi, NPBs and NBUDs frequencies were the number of MNi, NPBs and NBUDs observed per 1000 lymphocytes, expressed as a count per thousand (&). The numbers of mono-, bi-, tri-and tetra-nucleated cell in 500 lymphocytes were also scored for NDI calculation.
DNA extraction and genotyping DNA was directly extracted from EDTA-anticoagulated whole blood using a wizard genomic DNA purification kit (Promega Corp., Madison, WI, USA) according to the manufacturer's instructions.
The deletion polymorphism of glutathione transferase M1 (GSTM1) and T1 (GSTT1) was determined by multiplex polymerase chain reaction (PCR). The b-actin primers were used as an internal control.
The Pst1 polymorphism (c1/c2) in the 5#-flanking region of cytochrome P450 2E1 (CYP2E1) gene was analysed using restriction fragment length polymorphism (RFLP)-PCR. The subjects were classified as c1c1 wild-types, c1c2 heterozygotes and c2c2 homozygotes.
Two loci of the mEH gene were chosen for polymorphism analysis. The mEH His113Tyr polymorphism analysis was initially performed using the method described by Salama et al. (23) . After gel analysis, the subjects were classified as 113Tyr wild-type (YY), 113His homozygous (HH) or 113 Tyr/His heterozygous (YH). The mEH Arg139His polymorphism was analysed using the method reported by Hassett et al. (24) . After gel analysis, the subjects were classified as 139His wild-type (HH), 139Arg homozygous (RR) or 139 Arg/His heterozygous (YR). The combined effect of the mEH113 and mEH139 polymorphisms was investigated by dividing the workers into three groups for their expected enzyme activities (25) (26) (27) The polymorphisms of mEH Tyr113His were particularly determined using both RFLP and gene sequencing methods. After the initial analysis of mEH Tyr113His by RFLP, we found the distribution of this locus was inconsistent with the Hardy-Weinberg equilibrium. Then, we noticed papers (19, 28) that described an unexpected second nucleotide substitution within the sequence of the reverse primer designed for RFLP that could produce a mismatch during PCR process, thus reducing the amplification efficiency and leading to some individuals heterozygous for His113/Tyr113 being incorrectly classified as homozygous for His113. We, therefore, re-analysed the homozygous individuals identified in our study by sequencing. The mEH Tyr113His was genotyped by direct sequencing using specific primers: 5#-TGCCACTCCCA-GAGGGCAGT-3#and 5#-TGCAAAACGCCAGCCAGAGAGG-3#.
Genetic polymorphisms of these genes were detected using the following primers: CYP2E1 pst1/rsa1-forward (F): 5#-TGTCCCTGCCACCTCA-3# and reverse (R): 5#-TCATACAGACCCTCTTCCA-3#; mEH Tyr113His-F: 5#-GATCGATAAGTTCCGTTTCACC-3# and R: 5#-ATCCTTAGTCTTGA AGTGAGGAT; mEH His139Arg-F: 5#-ACATCCACTTCATCCACGT-3# and R: 5#-ATGCCTCTGAGAAGCCAT-3#; GSTTM1-F: 5#-GAACT CCCTGAAAAGCTAAA-3# and R: 5#-GTTGGGCTCAAATATACGG-3#; GSTT1-F: 5#-TTCCTTACTGGTCCTCACAT-3# and R: 5#-AATGCTTT GTGGACTGCT-3#.
RFLP-PCR for CYP2E1 pst1, mEH Tyr113His and mEH His139Arg was performed under the following conditions: for CYP2E1 pst1/rsa1, 95°C for 5 min, followed by 30 cycles of 94°C for 40 s, 58°C (annealing temperature) for 20 s and 72°C for 25 s and a final elongation step at 72°C for 10 min; for mEH Tyr113His and His139Arg,94°C for 10 min, followed by 36 cycles of 94°C for 1 min, 56°C for 1 min and 72°C for 1 min and elongation at 72°C for 10 min. Then, the PCR products were digested at 37 for 24 h with restricted endonucleases (TAKARA Co.): Pst1 for CYP2E1 pst1/rsa1, EcoR V for mEH tyr113His, Rsa1 for mEH his139Arg and Multiplex PCR for GSTM1 and GSTT1 was performed using b-actin as control gene under conditions as such 95°C for 10 min, followed by 38-40 cycles of 95°C for 1 min, 60.5°C for 1 min and 72°C for 1 min and a final elongation step at 72°C for 8 min.
Statistical analysis
Normality tests revealed that both the exposure measurements and the chromosomal damage data did not distribute normally. Thus, Wilcoxon's rank sum test and Wilcoxon's signed rank test were performed to evaluate the differences between the BD-exposed group and the control group. The association of chromosomal damage and genotypes was estimated by frequency ratio (FR) (21) . FR was adjusted for age, gender, smoking status and alcohol drinking in a multivariate Poisson regression analysis. For categorical variables, the FR indicated a proportional increase/decrease of the MNi/NPBs/NBUDs frequency in a comparison group relative to the reference. Statistical analyses were performed using SAS 9.0(SAS Institute Inc., USA).
Results
Exposure assessment
In the present study, since the workers' circuit inspection routine was fixed, nine personal BD exposure measurements were obtained for the exposed workers using active sampling pumps to represent the exposure level of all BD-exposed workers; four measurements were taken for the control group subjects [each measurement recorded as the 8-h time-weighted average (TWA) for the subjects' workshift]. As shown in Table I , the average BD measurement for the exposed group (0.34 AE 0.61 p.p.m. or 0.75 AE 1.35 mg/m 3 ) was significantly higher (P , 0.01) than that of the control group (0.04 AE 0.01 p.p.m. or 0.09 AE 0.02 mg/m 3 ). The personal sampling was not performed in our previous study.
The different BD concentrations experienced by subjects in the two groups, as measured by personal monitoring, were also reflected in the 39 workplace area measurements (6 in the control units and 33 in the BD production plant by stationary sampling 3 , which was significantly lower (P , 0.01) than that for the BD production plant.
Study population and matching
The matching process resulted in 45 pairs of BD-exposed workers and the control subjects. The results of this matching are shown in Table II . The pairs were found to be well matched for baseline information.
CBMN cytome assay
The data on the frequencies of MNis, NPBs, NBUDs and NDI are presented in Table III . The numbers of MNi (8.00 AE 3.78&) and NPBs (2.58 AE 2.79&) frequency in the BDexposed workers were significantly higher (P , 0.01) and NDI (2.20 AE 0.14) was significantly lower (P , 0.01) in BDexposed workers than in the control subjects, respectively. When age, gender and smoking status factors were taken into consideration, the results showed that female workers had a borderline (P 5 0.053) higher MNi frequency (9.45 AE 3.21&) than the male workers (7.53 AE 3.87&) in the BDexposed group. Age and smoking status factors did not affected the chromosomal damage in both the control and the exposed groups.
Polymorphisms
The allele frequencies of each single nucleotide polymorphism site were showed in Table IV . The genotype distributions at each locus were consistent with the Hardy-Weinberg equilibrium. The effect of the individual metabolic enzyme genotypes on the DNA damage associated with BD exposure, as determined by the frequencies of MNi, NPBs and NBUDs, was investigated with the univariate Poisson regression model. The data summarised in Table V shows that no significant (20) . b Compared with controls for each sampling way respectively, P , 0.01. All subjects are Han race Chinese.
Chromosomal damage in BD-exposed workers of China difference in NDI and the frequencies of MNi and NBUDs were detected with regards to the CYP2E1, mEH and GSTT1/ GSTM1 polymorphisms in the exposed group. NPBs frequency, however, in the BD workers with genotypes CYP2E1 pst1/rsa1 c1c2 and mEH His139Arg HR was significantly higher than those with genotypes CYP2E1 Table VI , where, the model included age, gender, occupational longevity (OL), smoking status, alcohol drinking and the polymorphisms of CYP2E1, GSTT1, GSTM1 and mEH. Using the backward stepwise selection method, we found that individuals carrying CYP2E1 c1c2/c2c2 or the mEH intermediate (I)/high (H) group had a significantly higher NPBs frequency than those carrying CYP2E1 c1c1 (FR 5 2.60, 95% CI: 1.72-3.93, P , 0.0001) or the mEH Slow (S) group (FR 5 2.06, 95% CI: 1.17-3.62, P , 0.05), respectively. No such responses were found in the association of MNi or NBUDs frequency with all of these gene polymorphisms.
Discussion
In the present study, we found that, due to the effort made to decrease BD exposure to workers in recent years, the BD concentrations (2.27 AE 3.33 p.p.m.) in the BD production workshop detected by stationary sampling were much lower than those in the previous study we conducted in 2002 (7.2 AE 7.6 p.p.m.) (20) . The results also showed that the personal BD exposure of workers detected in this plant for the first time was Compared in the BD-exposed group, P 5 0.053. b Compared between BD-Exposed and control groups, P , 0.01. exposure for the same locations could not be measured in the previous study perhaps because that the present quantitative analysis procedure offers improved detection ability over those available to the previous study. Until now, there are three reported studies concerning BDexposed workers in China (6): The Beijing area (at the Yanshan Petrochemical Products Co.), the Nanjing area (our study) and the Ningbo area (at a polybutadiene latex chemical industrial plant). We have found that the exposure dose of the BD-exposed workers in our previous study (average value of 7.2 p.p.m. or 15.9 mg/m 3 ) is higher than that for the Beijing area study (median level of 2 p.p.m. or 4.42 mg/m 3 ). When compared with two other studies in China, the present BD exposure data shows that the BD level (average value of 2.27 p.p.m. or 5.02 mg/m 3 ) is close to that for both the Beijing area study and the Ningbo area study (median concentration of 4.48 mg/m 3 or 2.02 p.p.m.). However, the highest BD exposure concentration in the operation site at the Ningbo PBL chemical industrial plant was up to 1985.99 mg/m 3 or 898.63 p.p.m., which is much higher than that in our study (147.66 p.p.m. or 326.33 mg/m 3 ). The Ningbo area study estimated that the mean cumulative exposure dose of workers is 587 mg. Since BDexposed workers in the present study worked 4 days/week or 208 days/year, when using the same equation [Cumulative exposure dose (mg) 5 R(C Â M Â T Â A Â 70%/10 6 )] (29); as adopted by the Ningbo research group, the estimated mean cumulative exposure dose of these workers was $313 mg/year, which is just more than half of that for the Ningbo area workers. After all, according to the exposure data available, the BD exposure levels varied widely among BD production plants in China because of different equipment and different procedures. Even in the same plant, with the development of BD production technologies and occupational exposure protection actions, BD exposure levels change with time. Therefore, we conclude that it is very important to monitor BD exposure dose of workers for their health concerns.
Studies of chromosome-level mutations in the somatic cells of mice, measuring MNi frequencies in several cell types, have almost universally been positive when exposed to either BD or its metabolites administered by various routes (30) (31) (32) (33) (34) . Xi et al. (35) found that EB and DEB, important metabolites of BD, can induce MNi in human peripheral blood cells in vitro. MNi frequency has also been detected in several studies in humans who were occupationally exposed to BD, firstly reported by Sorsa et al. in 1994 (36) . However, these studies have given mixed results (18, 29, 36) . A population of 166 workers (149 males) in a polybutadiene latex chemical industrial plant in Ningbo, China, were studied for MNi in PBLs using the cytokinesis-block assay (21) . The mean PBL MNi frequency of these exposed workers was 3.39& AE 2.42&, which was significantly higher than that for the unexposed controls (1.48& AE 1.26&).
One of the most important observations in the present study was the 1.42-fold higher frequency of MNi in PBLs of the exposed subjects, which also supported the Ningbo area study. However, the MNi frequencies in our study, either in the BDexposed workers or in the control subjects, were much higher than those in the Ningbo area study. After considering the scoring difference between two laboratories, we assume that there were still at least two reasons: Older average ages (40 years versus 35 years) and longer average occupational longevity (20 years versus 5 years) applicable of our workers versus theirs, thus leading to higher background MNi frequency and higher cumulative BD-exposure dose of all the subjects in the present study. We also found that in the exposure group, female workers had a borderline higher MNi frequency than did the male workers. Multiple BD studies have revealed gender differences in the development of neoplasia, Hprt and amounts of DNA-DNA cross-links measured in rodent animals. A deficiency in DNA cross-link repair in females is the most plausible hypothesis for the gender differences in mutagenic and carcinogenic susceptibility (37) . Our finding could indeed be indicative of gender differences in humans.
Besides the MNi frequencies, this study adopted the newly developed biomarkers of CBMN, including NPBs, NBUDs and NDI in the present study. To our knowledge, this research is the first time NPBs or NBUDs frequencies have been measured in BD-exposed worker studies. NPBs, which provide a measure of chromosome rearrangements (38) , are presumed to originate from dicentric chromosomes resulting from misrepair of DNA strand breaks and dicentric chromosomes caused by telomere end fusions. NBUDs form as a consequence of gene amplification (38) . Amplified DNA is selectively localised at specific sites of the nucleus and eliminated through recombinogenic events during the S-phase of mitosis (39, 40) . Both NPBs and NBUDs cannot be detected when scoring MNi as the only end point. The induction of NPBs was even more pronounced (2.28-fold) in the present study, which indicates that NPBs frequency may be more sensitive to use to evaluate chromosomal damage than MNi. This sensitivity may be because measurement of NPBs has the advantage, which, unlike MNi, has a low background frequency (41) . Such sensitivity could also be observed in the following polymorphism analysis of metabolic genes, while only NPBs frequencies in BD-exposed workers can be affected by gene polymorphisms. It indicates that the forming of NPBs upon BD exposure could be an interesting focus for further genotoxic mechanistic study. The lower NDI in BD-exposure workers in this study indicated that BD-exposure may have a cytostatic effect in humans. Notably, the NBUDs frequency for the exposed subjects was higher but with no significance. It seems that BD exposure cannot induce gene amplification events. The design of matched-up groups in our investigation reduced the Compared in BD-exposed group, P , 0.05.
Chromosomal damage in BD-exposed workers of China impact of mainly confounding factors such as age, gender and smoking habits, all of which may substantially affect the chromosomal damage level especially the MNi frequency in humans (42, 43) . Metabolism is an important determinant of BD carcinogenicity. GSTs, CYP2E1 and mEH are the key enzymes involved in BD metabolism. The polymorphisms of these genes have been studied in a few studies (7) (8) (9) 25, 26, 29) . The present study found that chromosomal instability (as indicated by NPBs) of BD-exposed workers with genotype CYP2E1 c1c2/c2c2 tended to be altered by BD exposure more severely than those workers with c1c1. After excluding the effects of confounding factors, no alleles of other genes included in this study showed such a response. The polymorphism of BD metabolic genes, especially CYP2E1, may play an important role in the genotoxic effects of BD exposure to humans. When taken into the human body, BD is initially oxidised by CYPs to form EB, which can be further oxidised to DEB by the same enzymes. Detoxification of DEB by hydrolysis can produce 1, 2-dihydroxy-3-butene (EB-diol) metabolite, which can then be oxidised to 1, 2-dihydroxy-3, 4-epoxybutane (EBD) also by CYP-mediated oxidation. All these three epoxide metabolites (EB, DEB and EBD and especially DEB) are formed by CYP oxidisation and are crucial to induce genotoxicity in humans because of their highly electrophilic nature. Human genetic susceptibility to BD in terms of sister chromatid exchange (SCE) induction has been extensively studied (26, (44) (45) (46) (47) (48) . Among healthy individuals, the GSTT1 null genotype enhances susceptibility to DEB-induced SCEs in PBLs. Furthermore, in GSTT1-positive individuals, the variant CYP2E1 c2 allele confers a greater SCE response to DEB than do other alleles of this gene. In the recent Ningbo area study in China, CYP2E1 c2 allele also contributed to a higher level of MNi frequency in BD-exposed workers. Our finding is consistent with these studies, thus confirming that the polymorphisms of CYP2E1 gene can substantially affect the chromosomal damage induced by BD exposure.
In BD metabolism, mEH-mediated hydrolysis is one of two detoxification pathways. Theoretically, higher mEH activity could reduce the accumulation of BD metabolites in human body, therefore affording more protection against chromosomal damage. The positive findings from one laboratory on BDexposed workers at a Texas facility using the autoradiography assay to measure mutations in HPRT (8, 9) and then from the recent Ningbo area study in China do support such a theory. However, our findings that predicted intermediate/high mEH activity elevated the NPBs frequency in BD-exposed workers contradict those findings. The reasons for these differences are unclear, but our findings are based on a larger population than the Texas study. Besides, the genotyping methods for mEH Tyr113His adopted here were more sufficient than those in the Ningbo area study, which may thus lead to a different classification for the predicted mEH activity grouping and different polymorphism analysis results. There have been studies that reported that the concentrations of THBValhaemoglobin adducts, potentially produced by both DEB and EBD but shown to derive almost exclusively from EBD in vivo, are greater than other haemoglobin adducts in animals and humans, indicating that EBD is the most abundant electrophilic metabolite of BD in vivo (49) (50) (51) (52) . The formation of EBD is largely dependent on mEH-mediated hydrolysis, and thus, higher mEH activity may confer to more EBD formation. Although EBD is not the most potent mutagen of the metabolites, the abundance of it in the human body as well as its genotoxicity should not be ignored.
In conclusion, our group is the first to score NPBs and NBUDs in BD-exposed workers, and we found that the CBMN cytome assay (especially NPBs) could be sensitive group biomarkers to use to monitor the genotoxicity of BD occupational exposure. Polymorphism of metabolic genes should be considered when evaluating human susceptibility to such exposure. Since BD is classified as a human carcinogen, these results represent an important contribution to the biomonitoring of the potential health risks in BD-exposed workers. Nevertheless, the present findings in Chinese workers should be confirmed by prospective studies under different exposure conditions and with occupational populations.
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